For tissue immunostaining, antibodies are currently the only clinically validated and commercially available probes. Aptamers, which belong to a class of small molecule ligands composed of short single-stranded oligonucleotides, have emerged as probes over the last several decades; however, their potential clinical value has not yet been fully explored. Using cultured cells and an RNA-based CD30 aptamer, we recently demonstrated that the synthetic aptamer is useful as a specific probe for flow cytometric detection of CD30-expressing lymphoma cells. In this study, we further validated the use of this aptamer probe for immunostaining of formalin-fixed and paraffin-embedded lymphoma tissues. Using CD30 antibody as a standard control, we demonstrated that the synthetic CD30 aptamer specifically recognized and immunostained tumor cells of classical Hodgkin lymphoma and anaplastic large cell lymphoma, but did not react with background cells within tumor sites. Notably, the CD30 aptamer probe optimally immunostained lymphoma cells with lower temperature antigen retrieval (37 vs 961C for antibody) and shorter probing reaction times (20 vs 90 min for antibody) than typical antibody immunostaining protocols. In addition, the CD30 aptamer probe showed no nonspecific background staining of cell debris in necrotic tissue and exhibited no cross-reaction to tissues that do not express CD30, as confirmed by a standard CD30 antibody staining. Therefore, our findings indicate that the synthetic oligonucleotide CD30 aptamer can be used as a probe for immunostaining of fixed tissue sections for disease diagnosis.
Although pathological diagnosis can be performed by morphological/histological evaluation of tissue sections, detecting specific cell biomarkers is almost indispensable for diagnosis confirmation in the majority of neoplasms. The most popular method for detection of biomarkers is immunostaining of fixed tissue sections by antibodies, which are currently the only commercially available and clinically validated probes for this purpose. Production of antibodies is a time-consuming and complicated process and requires animal care and cell culture facilities. Thus, researchers have searched for other ligand molecules that are easier and less costly to produce. One such new class of small molecule ligands is aptamers, which are composed of short single-stranded oligonucleotides (usually 30-50 bases). [1] [2] [3] [4] [5] [6] [7] With the use of the Systematic Evolution of Ligands by EXponential (SELEX) amplification technique, researchers have discovered a variety of RNA-and DNA-based aptamers, which specifically bind to their target molecules with high affinity at pico-to nanomolar levels. 8, 9 As specific ligands, aptamers have been tested as a probe for a variety of purposes including dot plot assays, 10 western blot assays, 11 enzyme-linked immunosorbent assay, 11, 12 and flow cytometry analyses of cell lines or isolated cells. 13, 14 A recent study discovered an RNA-based aptamer that specifically binds to the tumor necrosis factor (TNF) receptor (TNFR) family proteins. 15 Among its binding targets, this aptamer binds to CD30 proteins with an affinity more than 1000 times greater than other tested proteins of the TNFR family members in solution. To explore the potential use of aptamers for disease diagnosis, we previously validated this reported CD30 aptamer for immunophenotyping of human lymphoma cells using multi-color flow cytometry analysis. 16 Our studies demonstrated that the CD30 aptamer probe specifically binds to intact cells of classical Hodgkin lymphoma (CHL) and anaplastic large cell lymphoma (ALCL) without any crossreaction with other types of lymphoma or blood cells. In this study, we further demonstrated that the CD30 aptamer probe is suitable for immunostaining formalin-fixed and paraffin-embedded lymphoma tissues.
Materials and methods

CD30 Aptamer, CD30 Antibody, and Tissue Sections
As previously described, an oligonucleotide RNA aptamer probe with the following sequence was synthesized: 5 0 -GAUUCGUAUGGGUGGGAUCG GGAAGGGCUACGAACACCG-3 0 (Integrated DNA Technologies, Coralville, IA, USA). 15, 16 For immunostaining, the synthetic aptamer probes were biotinylated at the 5 0 end. A control probe of equal length (5 0 -GAU-random rN (n ¼ 33)-CCG-3 0 ) and biotinylation at the 5 0 end was also generated and used to rule out nonspecific tissue staining of the synthetic oligonucleotide probe. 16 The monoclonal mouse anti-human CD30 antibody was purchased from Dako (Carpinteria, CA, USA). A secondary antibody staining kit, including horseradish peroxidase (HRP)-conjugated horse anti-mouse IgG antibody and DAB peroxidase substrate solution for color development, was purchased from Vector Laboratories (Burlingame, CA, USA).
The formalin-fixed and paraffin-embedded tissue sections from patient specimens were obtained from archived files in our department according to an Institutional Review Board-approved protocol. These samples included CHL (n ¼ 5), ALCL (n ¼ 5), and different normal tissues as indicated in Figure 4 . Tissue sections were prepared, and hematoxylin and eosin staining was performed for morphological confirmation following routine laboratory protocol.
Immunostaining of Fixed Tissue Sections
For aptamer staining, the tissue sections were deparaffinized two times in xylene for 15 min each, washed with 100% ethanol followed by 95, 80, and 70% ethanol, and then rinsed in distilled water. For antigen retrieval, tissue sections were incubated in 10 mM sodium citrate buffer (pH 6.0) at 95 or 371C for 30 min. After two washes with phosphatebuffered saline solution (PBS) containing 0.05% Tween-20 (pH 7.4), tissue sections were incubated in 3% H 2 O 2 for 20 min. To mask endogenous biotin binding, sections were treated with biotin-blocking solution (Vector Laboratories) following the manufacturer's instructions. Finally, tissue sections were probed with 200 ml of the biotinized CD30 aptamer (60 nmol final concentration in PBS) at room temperature for 20 min. After two washes with PBS Tween-20 solution, the tissue sections were incubated with 200 ml of the HRP-conjugated streptavidin solution (Dako) at room temperature for 20 min and subsequently treated with 200 ml of DAB peroxidase substrate solution (Dako) for color development at room temperature for 5 min. Counterstaining of cell nuclei in tissue sections was performed with the hematoxylin solution for 3 min following routine laboratory protocol. Stained tissue sections were examined under a light microscope.
For CD30 antibody staining, tissue section preparation, antigen retrieval, and H 2 O 2 treatment were carried out under the same conditions as described above. In addition, tissue sections were blocked with horse serum for 30 min at room temperature and then probed with CD30 antibody (1:50 dilution) for 90 min. After two washes with PBS Tween-20 solution, the tissue sections were incubated with HRP-conjugated anti-mouse IgG antibody for 30 min and subsequently treated with DAB peroxidase substrate solution for color development.
Results
Specific Immunostaining of Lymphoma Cells by the Synthetic CD30 Aptamer Probe
For immunostaining, the formalin-fixed and paraffinembedded tissue sections of CHL, in which the tumor cells express CD30, were prepared and probed with the synthetic CD30 aptamer or the clinically validated CD30 antibody as a standard control ( Figure  1 , for overview). First, tissue antigen retrieval was performed at 961C in citrate buffer, and tissue sections were probed with the CD30 antibody for 90 min. Tumor cells in lymphoma tissues were visualized by reaction with HRP-conjugated secondary antibody and subsequent color development as described under 'Materials and methods' section. In place of antibody, lymphoma tissues were also probed with the synthetic CD30 aptamer for 20 min and subsequently incubated with HRP-conjugated streptavidin for visualization. Under these conditions, both CD30 antibody and CD30 aptamer specifically recognized the CHL tumor cells, but did not react with background cells within tumor sites (Figure 2a-c) . Subsequently, we tested antigen retrieval at 371C, a lower temperature that is easier to perform in a clinical laboratory. Tissue immunostaining was performed as described above. Notably, under this condition, the CD30 aptamer probe specifically stained CHL tumor cells, whereas the CD30 antibody did not (Figure 2d and e) .
For further confirmation, tumor tissues of CD30-expressing ALCL were also prepared, and antigen retrieval was carried out at 371C as described above. The synthetic CD30 aptamer probe specifically immunostained the ALCL cells but not the background cells within tumor sites (Figure 3a and b) ; however, under the same antigen retrieval conditions, the CD30 antibody did not immunostain the ALCL tumor cells (Figure 3c ), although the antibody reacted with the ALCL cells when antigen retrieval (Figure 3d) . Moreover, tumor tissues were prepared with antigen retrieval at both temperatures and probed with the synthetic control RNA probe, which has the same sequence length as the CD30 aptamer and contains random rN within its central portion. 16 No tissue staining of CHL or ALCL by the control RNA probe was observed (data not shown).
No Cross-Reaction of the Synthetic CD30 Aptamer Probe to Necrotic and/or Non-CD30-Expressing Tissues Not uncommonly, necrotic tumor tissues produce a nonspecific stain of cell debris by an antibody probe, and this nonspecificity may be problematic for disease diagnosis. The CD30 antibody reacted nonspecifically to cell debris/'ghost' cells within the necrotic area of a peripheral T-cell lymphoma tissue, although no CD30 expression was detected in viable lymphoma tumor cells within these same tissue sites by the CD30 antibody (Figure 4a ). In contrast, under the same conditions, the synthetic CD30 aptamer probe did not exhibit any cross-reactivity to either necrotic or viable lymphoma cells, confirming nonspecific staining of CD30 antibody at necrotic tumor sites.
Finally, sections of different tissues, including normal lymph node, lung, stomach, kidney, adrenal gland, and metastatic carcinoma, were prepared and immunostained with the CD30 aptamer probe as described above. The CD30 antibody was used as a standard immunostain control in parallel ( Figure  4b) . No nonspecific or background staining by the CD30 aptamer probe was observed in any of these known CD30-negative tissues.
Discussion
Although the CD30 aptamer and the CD30 antibody exhibited nearly identical specificity to CD30-expressing lymphoma cells, the cell staining patterns were slightly different. The CD30 antibody Tissue immunostaining with CD30 aptamer staining was concentrated at the cell membrane and Golgi zone in CHL and ALCL cells (Figures 2 and 3) . In contrast, the CD30 aptamer probe stained the cell membranes and, more diffusely, the cytoplasm of lymphoma cells. This slightly different staining pattern may be due to (1) the better penetration and more efficient reaction of aptamer probes within the fixed tissues and/or (2) because the aptamer probe and antibody recognize different epitopes/ portions of cellular CD30 proteins. Our previous studies showed that the CD30 aptamer probe and CD30 antibody can simultaneously bind to the same lymphoma cells without any disruption of binding by either molecule. 16 Notably, in vitro proteinbinding studies showed that the CD30 aptamer has a more than 1000 times higher affinity to CD30 molecules than to other proteins of the TNFR family, and this data, thus, ruled out the possibility of a nonspecific cross-reaction. 15 In addition, findings from both immunophenotyping studies of cultured lymphoma cells by flow cytometry 16 and immunostaining of fixed lymphoma tumor tissues demonstrated that the CD30 aptamer probe and the CD30 antibody have very similar sensitivities and specificities for tumor cells in CHL and ALCL. Furthermore, immunostaining of normal lymph nodes revealed that reactive immunoblasts react with CD30 aptamer probes similarly to CD30 antibody (Figure 4b , far left column). Occasional plasma cells also exhibited weak cytoplasmic staining by the CD30 aptamer probe and by the CD30 antibody (data not shown), although flow cytometry analysis revealed that cultured plasma cells did not react to the CD30 aptamer probe or antibody. 16 The concept of the aptamer has emerged over the past few decades; 1-3 however, its clinical application has not yet been significantly advanced. This study provides the first demonstration that the synthetic RNA oligonucleotide aptamer probe is useful for immunostaining of formalin-fixed and paraffinembedded tissues. The CD30 aptamer specifically detected CD30-expressing lymphoma cells. In comparison with antibody, the aptamer probes are synthetic oligonucleotides and thus cost much less to produce. In addition, for tissue immunostaining, the aptamer probes provide optimal staining with shorter reaction times and less restricted antigen retrieval conditions. Furthermore, when probing tumor tissue with necrosis, the aptamer probes shows no or much less background staining of cell debris. These advantages strongly encourage the use of the aptamer probe in tissue immunostaining for disease diagnosis. Because of the discovery of more clinically relevant aptamer probes, advances in the chemical technology required to generate more stable RNA-based aptamer probes, [17] [18] [19] and because of more validation studies conducted in clinical specimens, one can expect that synthetic aptamer probes will become another powerful tool for pathologists in addition to currently used antibodies.
